Initial development of a multiscale progressive damage and failure analysis tool for laminated composite structures is presented. The method models microdamage at the lamina level with the thermodynamically based Schapery Theory. Transverse cracking and ber breakage, considered failure mechanisms in this work, are modeled with failure criteria evaluate at the micro-constituent level using the Generalized Method of Cells.
state variable (ISV), 18, 57 this preliminary work uses micromechanics to model transverse cracks. The Generalized
Method of Cells (GMC) developed by Paley and Aboudi 58 divides a repeating volume element (RVE) into a number of constituent subcells. The applied strains or stresses are resolved into local subcell stresses and strains. The method provides the local subcell information in semi-closed form; therefore, it is ultra-ef cient and ideal for multiscale analysis. In this work, the truncation of microdamage and the transition to transverse cracking is modeled as a failure mechanism with failure criteria evaluated at the subcell level. This transition occurs abruptly, once the failure criterion is satis ed; however, since the failure is occurring within the subcells, the lamina-level effects of the microscale failure are somewhat progressive. The authors advocate the use of more realistic theories to capture the growth and effects of transverse cracks because failure criteria do not capture any of the physics of transverse cracking and are extremely mesh dependent. However, in this preliminary work, the objective is to effectively capture matrix microdamage, and mark the termination of microdamage with failure dictated by information from the microscale. Fiber failure is also determined using a failure criterion evaluated at the micro-level. A mechanism based failure theory can be used to dictate the ber failure response but this has not been incorporated in this initial development.
Previous studies 51, 52, 59 reported the results of analysis using an implicit nite element method (FEM). Unfortunately, the large and abrupt changes in local material properties arising from material softening due to damage and material failure can cause signi cant convergence issues since local unstable equilibrium paths require a solver that accomodates a local snap back in the response. That is, in an incremental solution process, when the material is locally unstable (but, globally stable), the subsequent increment requires a reduction in both local strain and stress. A special solution procedure is required to enforce this requirement. In a laboratory setting, this instability signals the onset of a catastrophic failure, leading to large changes in the local stiffness of the material. Such an event can be captured with the use of an explicit solver for the FEM calculations. Using an explicit solver places no restrictions on the degradation of material properties and provides accurate results assuming that a suf ciently small time step is used. Results from the model using ABAQUS/Explicit to analyze two center-notched laminates are compared to model results using ABAQUS/Standard and experimental data 60 in Section V.
II. Lamina Level Modeling of Progressive Microdamage Using Schapery Theory II.A. Thermodynamically based work potential model
Progressive damage in composites is modeled using ST. 17 This thermodynamics based, work potential theory is capable of capturing the effects of microdamage mechanisms responsible for material nonlinearity by separating the total applied work potential, W T , into a recoverable part (elastic), W , and a dissipated portion (free energy available to generate structural changes in the material), W S .
As the material is loaded, a portion of the applied work potential facilitates structural changes in the material.
These structural changes, such as microcracking, affect the elastic properties of the material. Some of the total applied work potential is recovered when the structure is unloaded. The magnitude of energy recovered is contingent upon the current, degraded elastic properties. Upon subsequent reloading, the material behaves linearly exhibiting the elastic properties observed during unloading, until the material reaches the previous maximum strain state. After this state is achieved, structural changes resume further degrading the elastic moduli of the material. This process is shown in Figure 2 . The area labeled S represents W S , and the shaded area under the linear unloading curve is W . It is assumed that the material behaves as a secant material, a reasonable assumption for FRLs.
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Both W and W S are functions of a set of ISVs, S m , (m = 1, 2, M ). These ISVs account for any inelastic structural changes in the material. Differentiating W S with respect to a general ISV, S m yields the thermodynamic force, f m , available for producing structural changes associated with the m th ISV.
It is shown in Ref. 17 that the total work potential is stationary with respect to each ISV.
Additionally, Rice 61 shows that according to the second law of thermodynamics: Equations (2), (3), and (4) form the foundation of a thermodynamically based work potential model for nonlinear structural changes in a damaging material.
II.B.
Application of ST to model progressive microdamage in ber reinforced plastic composites: the lamina scale Damage accumulates in a composite through numerous mechanisms affecting the constituent materials in the composite. Micro-level damage, which includes matrix microcracking, micro-void growth, shear banding, ber/matrix debonding and ber kinking, is a class of damage mechanisms separate from matrix failure due to transverse cracking.
Matrix microdamage accumulates gradually at the micro-level until its effects are superseded by the progression of transverse cracks, or other larger-scale mechanisms. A larger crack may be a product of the accumulation of many microcracks in a highly damaged region, or it may result from an individual aw, not necessarily in a microdamaged area, reaching a critical state. Additionally, ber damage does not typically occur progressively, but rather, abruptly.
Moreover, once the bers in a composite lamina begin to break, it has nearly lost its entire load carrying capabilities. Across the breakline, however, the adjacent layers carry the loads through load re-distribution. Unfortunately, microdamage mechanisms are often overlooked in analyses. ST is capable of modeling the effects of progressive microdamage in the matrix phase of FRLs.
The inelastic free energy available to advance structural changes, W S , can be a function of any number of state variables. It is assumed that the structural changes which result from microdamage, depend on only one ISV, S. This ISV is assumed responsible for all material nonlinearities up to transverse matrix cracking, delamination and ber breakage. It should be noted, that additional ISVs may be included to account for additional damage and failure mechanisms. Schapery 
Differentiating (5) with respect to S, and utilizing Equation (3) yields:
∂W ∂S = −1 (6) Additionally, combining Equations (2) and (4) with W S = S results iṅ
which is a statement on the inadmissibility of damage healing. Equation (7) dictates that the amount of energy used to progress microdamage can never decrease; therefore, that energy has been dissipated into advancing structural change and cannot be recovered. The combination of Equations (6) and (7) represent the evolution equations for microdamage in the matrix of the composite. 
where E 220 and G 120 are the undamaged transverse and shear elastic moduli, e s (S) and g s (S) are factors relating the transverse and shear moduli to the microdamage, S. Sicking 18 provides a procedure for determining e s and g s experimentally. The experimental curves can then be t with polynomials (such that when S = 0, E 22 = E 220 and G 12 = G 120 ) and used in Equations (8) 
Employing Equation (6) with (8), (9), and (10), and assuming the quantity Q 12 = ν 12 Q 22 is constant (independent of S) yields a damage evolution ordinary differential equation which can be solved for S.
The above equation indicates that the work of structural change depends only on the strain state,the initial virgin composite moduli, E 220 and G 120 , and the damage functions, e s (S) and g s (S).
Experimentally, it has been determined that S behaves as 3 , thus it is convenient to introduce a reduced damage variable, S r .
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Furthermore, the use of a reduced ISV transforms the damage functions into polynomial functions. Using the reduced ISV the evolution equation, Equation (11), becomes 2 22
Once S is determined from Equation (13), the transverse and shear moduli can be degraded accordingly using Equations (8) and (9) . Sicking 18 uses this formulation to successfully predict the nonlinear response of numerous coupon laminates.
As a material point is loaded, the bers begin to rotate. All calculations are performed in the instantaneous material frame by tracking the ber angle and transforming the eld variables accordingly. These rotations induce large, localized shear strains which degrade the matrix shear modulus, offering less resistance to further ber rotation.
If the loading is compressive, this feedback leads to runaway instabilities and regions of microbuckled, or kinked, Figure 3 is the ber direction, and it is assumed that the RVE extends in nitely in that direction. The cross-sectional area of each subcell is given by h β γ . A local coordinate system (x 1 ,x
3 ) can be introduced with its origin located at the center of each subcell, as shown in Figure 4 .
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The objective of this method is to determine the average behavior of the composite material; thus, it is suf cient to model the displacements in each subcell using a linear theory (HFGMC employs a higher order displacement approximation).
where i = 1, 2, 3, w
is the displacement at the center of subcell βγ.
the rst-order dependence of the displacement eld on the local coordinatesx (β) 2 andx
The components of the strain tensor follow from Equation (14) as, where
. Substituting Equation (14) into Equation (15) results in the six components of the average strain tensor for each subcell in terms of the microvariables.
The constitutive law also needs to be de ned for each subcell, and can use any stress-strain relationship desired. In this work, it will be assumed that only elastic subcell strains,¯ (βγ) ij , are present. However, the constitutive law can be amended to incorporate additional strains such as thermal and inelastic strains. Hooke's law for relating the stresses to the elastic strains can be written asσ
where C (βγ) ijkl are the components of the elastic stiffness tensor.
III.B. Displacement continuity conditions
It is required that subcell displacements are continuous at the interfaces between adjacent subcells, as well as at the boundaries between neighboring repeating cells. Enforcing these conditions will yield 2(
equations. Moreover all microvariables are eliminated from these equations by casting the displacement continuity conditions in terms of the average strains. For detailed derivations of displacement and traction continuity conditions see Ref.
58.
The rst necessary equation is obtained by de ning the average strains (obtained from homogenous boundary conditions) in the composite,¯ ij , in terms of the average subcell strains.
where h, and h β , γ represent the RVE, and subcell geometry, respectively (see Figures 3 and 4) .
The linear displacement elds yield uniform, or average, strain elds in each subcell. Therefore, displacement continuity is satis ed in an average sense over all subcell and repeating cell interfaces using the strains. Since these continuity conditions are satis ed on average, the shape of the subcells does not appear in the nal result. Thus, no stress concentrations are developed at the corners, and the end result is that the subcell strains, and stresses, are determined as a function of only the ber volume fraction and constituent properties.
After enforcing average displacement continuity on the interfaces, the following 2(N β + N γ ) equations are pro-duced:
An additional N β N γ equations result from enforcing uniform strain in the x 1 -direction across all subcells.
(βγ) 11
The nal equation is obtained by evaluating Equation (18) with i = 2 and j = 3.
Equations (19) - (24) can be rearranged and rewritten in matrix from.
and
where¯ (βγ) are vectors containing the average subcell strains in the same order as Equation (26) .
III.C. Traction continuity conditions
Traction continuity must also be enforced in order to arrive at the correct number of equations needed to solve for the 6N β N γ subcell strain unknowns. However, some of the traction continuity conditions are redundant. After eliminating repeating traction continuity conditions, the following 5N β N γ − 2(N β + N γ ) − 1 independent equations remain:
whereβ andγ are given byβ
These traction conditions can be recast in terms of the average subcell strains using the constitutive relationship, in this case Equation (17) . The equations can then be rewritten in matrix form.
where S is given in Equation (27) III.D. Determining subcell strains
Once A G , A M , and J have been determined, the subcell strains can be computed by solving
After the subcell strains are obtained, it is trivial to produce the subcell stresses using the constitutive law.
III.E. Micro-constituent failure
The multiscale computational method employed in the FEM simulations uses GMC to resolve the applied global stresses to the micro-constituent level. Failure of the matrix phase, meant to represent failure due to transverse cracking, is established using the 3-D Tsai-Hill failure criterion. 9 Assuming failure in the matrix subcells is isotropic, the criterion is given as 
where Y mt and Y mc are the matrix transverse tensile and compressive strengths, respectively, and T m is the matrix shear strength.
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A maximum strain criterion is used to dictate tensile failure in the ber subcells.
where β f and γ f are the ber subcell indices, U f t is the tensile ultimate ber strain, and¯ 11 is the applied axial strain. Fiber failure in compression is accounted for automatically at the lamina level through ber rotation (see Section II.C.
Failure arises in matrix subcells when d m ≥ 0 and in ber subcells when d f ≥ 0 for that subcell. Once a subcell has failed, all the properties of that subcell are degraded appropriately.
IV. Multiscale Model
A multiscale coupled microdamage-failure nite element model was developed using the commercially available Two laminate stacking sequences, shown in Table 1 , are modeled, and the elastic properties corresponding to T800/3900-2 ( Table 2 ) are used as the initial properties for each layer. Table 2 . Initial elastic properties of T800/3900-2 lamina.
The mesh used in the FEM model, shown in Figure 6 , consists of 8864 nodes and 9821 ABAQUS S4R quadrilateral and S3R triangular elements. A mesh density of 10 elements within one notch radius is used near the notch ( Figure 6(b) ), which is necessary to produce reasonably accurate stress and strain elds and gradients in the presence of a cut-out. 64 No constraints were placed on the vertical edges of the model, and the bottom edge was restricted from moving in the x, y, z, and all rotational degrees of freedom. The top edge is xed in the y, and z displacements and all rotations. A vertical displacement is applied in the x direction to simulate tensile loading. Static analysis is performed in both ABAQUS/Standard and ABAQUS/Explicit. An edge displacement of 0.025 in. and 0.065 in. is applied to laminate stacking sequence 1 and 2, respectively. In ABAQUS/Standard the maximum allowable displacement in each time step was set to 0.1%, and the minimum allowed displacement was 0.1E-7%. In ABAQUS/Explicit, the total displacement was applied over 0.01 seconds using the ABAQUS amplitude de nition *AMPLITUDE, DEFINITION=SMOOTH STEP. A smooth step displacement is chosen to reduce oscillations that arise in the kinetic energy of the system when using linear displacement. 54 A study was conducted on the 0 o laminate that determined that 0.01 seconds is an adequate simulation duration that can be used without any dynamic effects arising. The critical stable time increments calculated by ABAQUS are 1.46E-2 µs for laminate sequence-1, and 1.21E-2 µs for laminate sequence-2. However, to further reduce the computational cost of the explicit model, mass scaling was introduced using the ABAQUS command *FIXED MASS SCALING. The mass of the elements are scaled at the beginning of the step so that the stable time increment is greater than 1 µs. This scaling occurs every 1000 increments using *VARIABLE MASS SCALING.
ST was implemented at the lamina level to model progressive microdamage using the ABAQUS user subroutine UMAT for ABAQUS/Standard and VUMAT for ABAQUS/Explicit. The reduced damage state, S r , is calculated at each integration point using Equation (13) . The damage functions, e s , and g s given in Equations (8) and (9) were calibrated using the local strain gage data from laminate sequence-1. Third order polynomial ts of these curves are used, so that the evolution equation, Equation (13), reduces to a quadratic equation for S r . The polynomials are presented in Figure 7 .
At each material point, MAC/GMC is called and a 2 x 2 RVE, shown in Figure 8 , is used to model that point.
The RVE consists of 3 matrix subcells, shaded green, and 1 ber subcell, shaded blue. The software FEAMAC, 46 developed by NASA Glenn, is used to communicate between MAC/GMC and the ABAQUS/Standard user subroutine UMAT; whereas FEAMAC/Explicit, 65 recently developed by NASA Glenn and the University of Michigan, couples MAC/GMC to ABAQUS/Explicit using the unchanged FEAMAC UMAT and a VUMAT. The ber and matrix constituents have the initial properties given in Table 3 . To provide global properties consistent with those given in Table 2 anisotropic properties were used for the constituent cells. A square-packing architecture was chosen for this simulation, due to its low computational costs; however any architecture could have been chosen. 
Fiber Properties
Values Matrix Properties Values Table 3 . Elastic properties of ber and matrix constituents used in GMC.
At every time step, the micromechanics model must produce composite moduli that are consistent with the lamina level moduli calculated using Equations (8) and (9) . Therefore, it is necessary that the moduli of the matrix constituents degrade in a manner that produces consistent E 22 , and G 12 values. Two fourth order polynomials are used to calculate the matrix Young's Modulus and shear modulus, E m and G m , as a function of S r , shown in Figure 9 . The matrix Poisson's Ratio, ν m , remains unchanged.
An additional ISV may have been used to model transverse cracking; although, in this preliminary work, failure criteria are evaluated at the micro-level using the subcell stresses calculated by GMC to mark the end of matrix microdamage and the transition to transition to transverse cracking, as well as ber breakage. Subsequently, the local failure behavior is instantaneous, but the overall effects of subcell failure on a material point are somewhat progressive. Since large portions of the panels experience little to no damage and are unlikely to exhibit failure, the micromechanical failure analysis is only executed at material points where S r >15 Pa Table 4 . The matrix constants were calibrated using laminate sequence-1; whereas, the ber failure constants were calibrated using laminate sequence-2 since laminate sequence-1 exhibited no ber failure.
The properties of any subcell satisfying the failure criterion are reduced by 99.9%. Once failure has occurred in any subcell, progressive damage is deactivated at that integration point. Figure 10 displays a owchart detailing the entire 
Property
Value
V. Results and Discussion
Applied load versus edge displacement and applied load versus local strain gage data is compared against experimental results from Ref. 60 in this section. Additionally, predicted damage and failure paths are compared to C-scans and photographs of tested specimens. Results for a third laminate, presented in Ref. 60 , have not been included due to a large degree of delamination observed in experiment which was not incorporated into the current model.
V.A. Laminate sequence-1
Load versus edge displacement data for laminate sequence-1 is displayed in Figure 11 . The explicit results match very closely with the experimental results. However, the standard results failed to converge at a maximum displacement of 0.0024 in. Due to this, S r was limited to values less than or equal to 2.89 psi The applied load versus local strain results provide further information. The non-linear stiffness at sg-1,2, and 3 closely follow the experimental results up to around 8000 lbf. After this point, matrix splitting propagates from the notch tips perpendicular to the notch. This is marked by strain relaxation at sg-1. The explicit method reasonably captures the splitting load; however it subsequently deviates from the experimental data. The standard analysis, with an imposed limit on the maximum value of S r , does not accurately capture the splitting load, and the solution diverges right after splitting due to failure occurs. Damage and failure contour plots (see Figure 13 ) reveal that both damage and failure are present at the splitting load. This indicates that failure failure behavior in these analyses are coupled with microdamage. Limiting the damage affected the activation of failure, and thus, requires a different set of failure constants for accurate results. Similar results are observed for sg-2 and 3. There is signi cant error in the results for sg-4. However, this is somewhat expected. Since sg-4 is directly in front of the notch (a region containing very large The damage and failure patterns produced by the ABAQUS/Explicit simulation are displayed at the splitting load in Figure 13 along with a C-scan of a failed specimen. Both the damage and failure patterns exhibit the splitting behavior present in the C-scan. The colored elements in the failure pattern contour represent the number of failed subcells in the micro-model. Turquoise, yellow, and green indicate one, two, and three failed matrix subcells, respectively; whereas, when all three matrix subcells as well as the ber subcell have failed, the element is removed from the simulation. The damage contours represent the continuous reduced damage ISV, S r . Red marks the maximum damage level (S r =5.50
). The failed regions in Figure 13 (a) match closely with the areas that have reached maximum damage in Figure   13 (b). No ber failure is evident in either the experiment or simulations up to the splitting load.
V.B. Laminate sequence-2 Figure 14 displays the load versus displacement results for the three models and the experiment. The explicit simulation is able to accurately capture the ultimate load measured from the uniaxial tension tests. After ber failure is initiated, a large amount of energy is transferred to kinetic energy and the specimen fails catastrophically. This may signal that the mass scaling used to increase the stable time step is introducing ctitious inertial effects in this model upon the initiation of ber failure. Using the same failure constants as the explicit model, the standard simulations with and without imposed limit on S r diverge at a load greater than the ultimate load. This implies that, initially, The local strain gage data and predictions are presented in Figure 15 . The standard and explicit results are identical up to the onset of specimen failure in the explicit model. The results are very agreeable for sg-1 and sg-2. There is some deviation from experiment in the results for sg-3. The predictions for sg-4 are erroneous; however this is expected due to the high stress and strain gradients near the notch and uncertainty in the experimental strain gage measurements (as was the case for sg-4 on laminate sequence-1). (removed elements), form at the notch tips and propagate, parallel to the notch, towards the free edges. An enlarged view of the notch is given in Figure 17 exhibiting the ber failure. At the ultimate load for the specimen, the size of the regions containing ber failure are small relative to the width of the specimen. It can be inferred, that in the explicit case for a center-notch plate, the onset of ber failure cause catastrophic failure of the panel. VI.
Conclusions
A preliminary multiscale model for predicting progressive damage and failure in FRLs was presented. The method models progressive microdamage at the lamina level with ST and uses GMC to model failure due to matrix transverse cracking and ber breakage by evaluating failure criteria at the micro-constituent level. These models were employed in both implicit and explicit FEM solvers.
The explicit model was able to capture applied load, edge displacement and local strain gage data for two laminates.
However, careful attention must be paid to the amount of mass scaling used to increase the critical stable time step and the loading rate so that no undesired dynamic effects arise. To achieve adequate convergence for the [0 o ] laminate with ABAQUS/Standard, a limit had to be placed on the maximum level of microdamage. However, restricting the maximum damage level affects the quantitative results. This indicates that the overall behavior of the composite is driven by both mircodamage and failure simultaneously.
Additionally, failure and damage patterns produced by the explicit model are compared. Relatively little failure occurs in the laminates. However, previous studies 51, 52, 59 using different failure strengths produced signi cantly more failure. Thus, these simulations are extremely sensitive to the failure constants used.
Future iterations of this model will dispose of failure criteria in favor of more physically based theories to model matrix transverse cracking and ber failure. Additionally, ST will be implemented directly at the matrix constituent level. Furthermore, failure by delamination will be incorporated into the model. Despite the absence of these features, the current model represents an initial step towards a robust, mechanism-based, multiscale, progressive damage and failure analysis tool for advanced composite structures.
